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FOREWORD 


This  report  summarizes  the  in-house  research  efforts  for  magnetic  materials  and  applications  of 
the  AFRL/RQQM  team,  covering  both  6. 1  and  6.2  research  efforts  for  an  8-year  period  of 
October  2006  to  October  2014.  The  research  output  of  this  team  was  significant  with  over  20 
scientific  publications.  It  is  not  reasonable  to  comprehensively  cover  such  a  large  amount  of 
material  in  a  single  report,  so  a  synopsis  and  summary  is  provided  instead.  An  introduction  is 
given  to  the  major  research  topics  covered  and  publication  references  are  provided  for  the 
research  output  that  was  made  publically  available. 
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PREFACE 


The  author  would  like  to  especially  thank  Dr.  Ali  Sayir  and  The  Air  Force  Office  of  Scientific 
Research  (AFOSR)  and  the  Power  and  Controls  Division  of  the  Aerospace  Systems  Directorate 
(AFRL/RQQ),  for  their  generous  and  consistent  support  of  this  work. 

The  author  also  thanks  the  current  and  former  team  members  and  collaborators  that  did  the 
research  for  this  effort  and  that  this  report  references  and  highlights.  The  author  specifically 
thanks  Zafer  Turgut,  Yuhui  Shen,  Serhiy  Leontsev,  Meiqing  Huang,  Christina  Chen,  Hiroyuki 
Kosai  and  Matt  Lucas  for  their  consistently  impressive  work. 

Magnetic  components  and  electromachines  are  essential  to  most  aerospace  systems.  The  drive 
for  lighter,  smaller,  more  powerful  and  more  efficient  magnetic  components  and  electromachines 
has  been  the  impetus  for  this  work  unit. 

The  Department  of  Defense  has  recognized  the  need  for  advanced  magnetic  materials  and 
devices  and  has  supported  research  in  these  areas.  This  support  has  led  to  some  major 
discoveries.  For  example,  the  energy  product  of  pennanent  magnets  has  greatly  increased  since 
the  1960s  due  to  two  key  discoveries  by  Department  of  Defense  researchers.  Air  Force 
researchers  Stmat  and  Hoffer  developed  the  first  rare  earth  cobalt  magnets  in  the  1960s  [1].  Navy 
researchers  Koon  and  Das  developed  the  first  rare  earth-iron-boron  magnets  in  the  early  1980s 
[2]. 
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1  SUMMARY 


1.1  Executive  Summary  of  Progress  and  Milestones/Lessons  Learned 

During  the  years  FY06-FY14  various  magnetic  materials  and  magnetic  applications  were 
investigated.  These  magnetic  materials  and  magnetic  applications  were  for  power  applications. 
These  power  applications  include  inductors,  transformers,  electric  motors,  generators,  actuators 
and  converters.  Being  non-power  areas,  this  effort  did  not  include  research  in  sensors  or  data 
storage.  Soft  (temporary)  and  hard  (permanent)  magnetic  materials  were  part  of  this  research 
effort.  Soft  magnetic  research  included  iron  cobalt  research,  tape  core  research,  and  research  on 
the  basic  science  of  soft  magnetic  materials.  Hard  magnetic  material  research  focused  on  rare 
earth  powder  or  flake  preparation,  bulk  rare  earth  magnet  fabrication,  and  exchange- spring 
magnet  research.  The  last  area  of  this  report  involves  applications  of  magnetic  materials.  Two 
applications  are  described.  The  design,  modeling  and  building  of  a  permanent  magnet  solenoid  is 
discussed.  Second,  the  performance  of  magnetic  cores  for  converters  is  discussed. 

Collaborations  proved  very  useful  in  this  project.  A  cross  directorate  AFOSR  lab  task  with 
AFRL/RX  led  to  much  high  level  basic  science  on  magnetic  alloys  being  done.  Another  cross 
directorate  collaboration  with  AFRL/RDHP  led  to  the  development,  patenting  and  fabrication  of 
a  permanent  magnet  solenoid.  A  cross  branch  effort  with  AFRL/RQQE  led  to  applied  research 
on  loss  and  DC  bias  measurements  for  booster  converter  cores. 
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2  INTRODUCTION 


This  work  unit  was  established  with  three  initial  objectives.  The  first  objective  for  this  effort  was 
soft  magnetic  iron  cobalt  development  for  a  potential  rotor  of  a  superconducting  generator 
program.  The  small-scale  iron  cobalt  work  was  successful  and  is  described  in  Section  3.1  of  this 
report.  The  second  objective  was  to  develop  core-shell  soft  magnetic  materials  with  high 
magnetization  and  high  temperature  capability.  This  work  transitioned  to  tape  core  work  and  is 
described  in  Section  3.2  of  the  report.  The  third  objective  was  to  develop  exchange-spring  hard 
magnets,  which  could  lead  to  an  ultimate  2X  increase  in  energy  product  compared  to  state-of- 
the-art  permanent  magnets.  Exchange-spring  magnet  work  is  described  in  Section  2.2. 

Besides  the  original  objectives  of  the  work  unit,  other  areas  were  worked  on  as  needed  for 
collaborations,  or  for  work  on  more  basic  magnetic  material  research,  or  for  work  on  exchange¬ 
spring  magnet  precursor  materials.  The  collaborative  work  included  efforts  on  permanent  magnet 
solenoids  and  converter  core  performance.  This  work  is  described  in  Sections  4.1  and  4.2 
respectively.  Basic  magnetic  material  research  focused  on  high-entropy  magnetic  alloys  and 
phonon  densities  of  states  of  magnetic  alloys.  This  work  is  described  in  Section  3.3 

Many  papers  were  published  by  researchers  and  collaborators  of  this  work  unit.  Only  first 
authors  directly  involved  with  this  work  unit  or  major  collaborators  of  this  work  unit  are 
included  in  the  Table  1. 


Table  1.  Work  Unit  Papers  Published  in  Magnetic  Materials  and  Applications 

Research  Areas  2007  2008  2009  2010  2011  2012  2013  2014  Totals 


Rare  Earth  Magnets 

1 

3 

1 

1 

6 

Exchange-Spring  Magnets 

1 

1 

1 

1 

1 

5 

Iron  Cobalt  Research 

1 

1 

2 

Tape  Core  Research 

1 

1 

2 

Basic  Science 

2 

2 

1 

2 

7 

Permanent  Magnet  Solenoids 

1 

1 

2 

Cores  for  Converters 

1 

1 

2 

Totals 

0 

2 

5 

4 

7 

5 

3 

0 

26 

Major  breakthroughs  that  bring  totally  new  magnetic  systems  to  electrical  power  engineering  are 
very  hard  and  relatively  rare.  Perhaps  just  four  breakthroughs  in  power  magnetic  materials  have 
occurred  since  the  1930s.  Ferrites  were  initially  developed  in  Holland  during  the  1930s  and 
1940s  [1].  Amorphous  tapes  or  sheets  for  power  transformers  were  developed  by  AlliedSignal 
during  the  1970s  [3],  Rare  earth  cobalt  permanent  magnets  were  first  developed  at  the  precursor 
to  the  Air  Force  Research  Faboratory  in  the  1960s  [1].  The  first  rare  earth-iron-boron  magnets 
were  developed  at  the  Naval  Research  Faboratory  in  the  early  1980s  [2], 

If  such  breakthroughs  do  occur  they  typically  transition  to  commercial  success  quickly  due  to  the 
importance  of  magnetic  materials  to  modern  industrial  economies.  Besides  such  breakthroughs 
the  design  space  of  optimizing  existing  magnetic  systems  for  specific  applications  is  large. 
Additionally,  even  given  a  specific  magnetic  material,  device  design  can  be  also  be  optimized. 
This  work  unit  had  efforts  in  all  three  of  the  research  levels  just  discussed. 
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3  HARD  (PERMANENT)  MAGNETS 


3.1  Rare  Earth  Magnets 

Rare  earth  magnets  made  of  a  rare  earth  typically  samarium  or  neodymium  with  cobalt  or  iron 
have  the  greatest  energy  products  of  any  room  temperature  permanent  magnets.  The  existing 
neodymium  iron  boron  system  and  samarium  cobalt  system  are  of  interest  to  research  improved 
properties  or  as  the  hard  magnetic  component  of  exchange-spring  magnets.  In  particular, 
samarium  cobalt  magnets  and  precursor  powders  or  flakes  were  researched  [4]  [5]  [6]  [7], 
Praseodymium  rare  earth  magnets  were  also  explored  [8]  [9]. 


The  samarium  cobalt  research  included  both  efforts  on  flake  or  powder  preparation  as  well  as 
efforts  on  bulk  magnets.  Flake  and  powder  efforts  involved  various  ball  milling  procedures  on 
samarium  cobalt.  Flake  thickness  and  its  effect  on  performance  were  investigated  [4].  Second 
quadrant  curves  were  heavily  affected  by  flake  thickness  as  shown  in  Figure  1 .  In  this  work 
outstanding  coercivity  values  up  to  2 1  kOe  were  obtained  for  SmCos  flakes.  Coercivity  as  a 
function  of  flake  thickness  is  shown  in  Figure  2  [7]. 
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Figure  1.  Demagnetization  Curves  vs.  the  Typical  Flake  Thickness 
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Figure  2.  Intrinsic  Coercivity  vs.  Typical  Flake  Thickness  of  SmCo5 

Much  of  the  flake  preparation  was  done  by  surfactant  assisted  ball  milling.  Studies  were  done  on 
surfactants  of  varying  molecular  weights  and  on  surfactant  removal  [5]  [6].  Differential 
scanning  calorimetry  showed  that  surfactants  of  lower  molecular  weight  were  driven  off  of  the 
samarium  cobalt  samples  Figure  3. 


Figure  3.  Differential  Scanning  Calorimetry  Curves  for  SmCo5  Prepared  with  Different 

Surfactants 
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Praseodymium  cobalt  work  also  focused  on  surfactant  assisted  ball  milling  for  flake  production 
and  consolidation  experiments  [8]  [9].  Figure  4  shows  the  PrC’05  nanoflakes  with  thicknesses 
around  tens  to  hundreds  of  nanometers  and  widths  of  a  few  micrometers. 


Figure  4.  SEM  Images  of  the  Flakes  Clumped  at  the  Bottom  of  the  Solvent 

Some  anisotropy  was  developed  in  these  PrC’05  flakes  as  shown  in  Figure  5  by  comparing 
measurements  of  an  oriented  sample  by  vibrating  sample  magnetometer  in  parallel  and 
perpendicular  directions.  However  the  hot-pressed  bulk  magnets  lost  coercivity  due  to  oxidation. 
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Magnetic  field  strength  (kOe) 

Figure  5.  Magnetization  Curves  of  a  PrCo5  Powder  Sample 
3.2  Exchange-Spring  Magnets 

The  general  reasoning  to  consider  a  nanocomposite  of  hard  and  soft  phases  is  that  a  large 
increase  in  energy  product  may  be  attainable  [10].  The  coercivity  of  the  hard  phase  is  combined 
with  the  high  magnetization  of  the  soft  phase  to  make  a  theoretically  stronger  magnet  as  shown 
in  Figure  6. 
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Figure  6.  Nanocomposite  Spring  Exchange  MH  Loops 

Five  journal  articles  were  published  on  exchange-spring  magnets.  Four  of  the  journal  articles 
were  on  samarium  cobalt  nanocomposites  [11]  [12]  [13]  [14].  The  fifth  article  was  on  a 
LaCos/LaCon  nanocomposite  [15].  Bulk  Sm-Co/  a-Fe  nanocomposite  magnets  were  made  by 
high  energy  bah  milling  and  subsequent  quick  hot-pressing.  Soft  phase  amount  and  type  were 
investigated.  The  effect  of  Fe  soft  phase  content  on  the  magnetic  properties  of  the  final  bulk 
samples  was  examined.  Increasing  the  Fe  content  significantly  increased  the  saturation 
magnetization  but  at  the  cost  of  reduced  coercivity  (Figure  7).  The  optimum  Fe  addition  for  the 
highest  maximum  energy  product  was  determined  to  be  fifteen  weight  percent.  Besides  pure  Fe  a 
Fe-Co-V  powder  was  also  studied  as  a  soft  phase  addition.  The  results  indicated  that  Fe-Co-V 
powder  was  more  readily  alloyed  with  the  Sm-Co  phase  during  the  milling  procedure.  This 
undesirable  alloying  was  not  as  evident  with  Fe  as  the  soft  phase.  For  the  final  bulk  magnets, 
nanoscale  Fe  particles  existed  in  Sm-Co  matrix  with  pure  Fe  addition,  but  with  Fe-Co-V  addition 
the  soft  phase  particles  were  undetectable.  Also,  two  methods  for  adding  soft  phase  Fe  into  hard 
phase  SmCo  were  utilized. 
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Magnetic  field  strength  (kOe) 

Figure  7.  Demagnetization  Curves  of  Bulk  Sm-Co/a-Fe  Magnets  with  Different  Amounts  of 
Fe  Addition  and  Maximum  Energy  Product  vs.  Fe  Content 

The  investigation  showed  that  milling  Fe  and  SmCo  together  resulted  in  a  more  uniformly 
distributed  mixture  of  nanoscale  soft  phase  particles,  improved  squareness  of  the 
demagnetization  curves  of  bulk  nanocomposite  magnets,  and  higher  maximum  energy  product  as 
compared  to  blending  Fe  with  SmCo  (Figure  8).  Milling  time  also  directly  affected 
demagnetization  curves  (Figure  9). 
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Magnetic  field  strength  (kOe) 

Figure  8.  Demagnetization  Curves  for  SmCo  Magnet  and  Sm-Co-Fe  Composite  Magnets 

Prepared  from  Blended  and  Milled  Powder 


-18  -12  -6  0  6  12 

Magnetic  field  strength  (kOe) 

Figure  9.  Demagnetization  Curves  of  Bulk  Sm-Co/a-(Fe,Co)  Magnets  as  a  Function  of 

Milling  Time 

Substitution  work  also  done  with  samarium  cobalt  based  nanocomposites  [14]  [13].  Fluorine 
inclusion  in  alloys  of  Sm(Co,Fe)z  with  z  >8.5,  for  nanocomposites  of  the  2:17  hard  phase  and  Fe- 
Co  soft  phase  were  investigated.  Partial  hysteresis  loops  are  shown  Figure  10. 
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Figure  10.  Partial  Hysteresis  Loops  of  Sm(Co0.834Fe0.166)z  with  z=6.5-14.7 


Figure  1 1  shows  magnetic  properties  of  the  magnets  as  the  soft  phase  increased  in  percent. 
Overall  the  inclusion  of  fluorine  did  not  greatly  improve  magnetic  performance  as  shown  in 
Figure  12. 
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Figure  11.  Magnetic  Properties  of  Sm(Coo  ,834Fe0.166  )«vs.  Effective  z  (28%  soft  phase  for  z=13 
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Figure  12.  Effect  of  Fluorine  Content  on  Magnetic  Properties  of  Sm[(Co0.7Feo.3)i-yFy]13  with 

y  =0,  0.04,  and  0.08 


Besides  fluorine  substitution,  zirconium,  niobium  and  copper  substitutions  were  studied  on 
samarium  cobalt  nanocomposite  magnets  [13].  Increasing  zirconium  content  x  from  0.02  to  0.05 
led  to  significant  refinement  of  the  grain  size  in  the  melt-spun  ribbons,  from  80-150  to  20-50 
nm  as  estimated  by  both  XRD  and  SEM  analyses.  As  a  result  of  the  formation  of  smaller  grains, 
the  coercivity  and  the  maximum  energy  product  were  improved  by  67%  and  70%  to  6.5  kOe  and 
9.5  MGOe,  respectively,  as  seen  in  Figure  13. 


Figure  13.  Demagnetization  Curves  and  Magnetic  Properties  of  Melt-spun 
Sm(CobalFe0.3ZrxB0. 04)10  Alloys  with  x=0.02  to  0.05 
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Copper  substitution  enhanced  coercivity  of  the  magnets.  Table  2  shows  the  compositions  for  the 
copper  substitution  studies.  This  substitution  increased  the  squareness,  Hk/Hc  ratio,  of  the  BH 
loops  where  Hc  is  the  coercivity  and  Hk  is  the  reversal  field  at  90%  of  the  remanent 
magnetization  (Figure  14). 

Table  2.  Compositions  for  Copper  Substitution  Studies 


No. 

Composition 

1 

Sm(CobalFe0.3Zr0.05B0.04)l0 

2 

Sm(CobalFe0.3Zr0.05B0.04Cu0.04)l0 

3 

Sm(CobalFe0.2Zro.05B0.04)8 

4 

Sm(CobalFe0.2Zr0.05B0.04Cu0.04)8 

8 
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6 
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Figure  14.  Demagnetization  Curves  (a)  and  (b),  Hk/Hc  ratio  (c),  and  BHmax  (d)  of  Bulk 
Magnets  Nos.  1  to  4  after  Hot  Pressing  (HP)  and  Hot  Deformation  (HD) 

When  niobium  replaced  copper  in  a  composition  the  grain  size  further  reduced  but  the 
squareness  and  maximum  energy  product  were  reduced. 


The  lanthanum  cobalt  work  explored  the  making  of  a  nanoncomposite  of  LaCos/LaCon  [15]. 
For  this  nanocomposite  work,  the  LaCos  is  the  more  coercive  hard  phase  and  the  LaCon  is  the 
higher  magnetization  soft  phase.  As  the  soft  fraction  increased  the  magnet  exhibited  two-phase 
behavior,  as  seen  in  Figure  15.  At  25  and  30%  LaCo7,  the  magnets  had  a  smooth 
demagnetization  curve  and  a  coercivity  of  over  15  kOe.  Figure  15  also  shows  a  strong 
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dependence  on  hot  pressing  temperature.  This  system  shows  promise  as  a  permanent  magnet 
system  for  high  temperature  applications. 


20  -’5  -’°  5  H  (kde)  5  10  15 


Figure  15.  Demagnetization  Curves  of  the  Bulk  La-Co  Magnets 

(Demagnetization  curves  are  shown  as  (a)  a  function  of  La2Co7  weight  fraction  after  hot  pressing  at  760 
°C  and  (b)  as  a  function  of  hot  pressing  temperature  for  25  weight  percent  La2Co7.) 
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4  SOFT  (TEMPORARY)  MAGNETS 
4.1  Iron  Cobalt  Research 

Iron  cobalt  alloys  have  the  highest  room  temperature  magnetization  of  any  magnetic  material. 
For  this  reason  iron  cobalt  alloys  are  of  interest  to  the  aerospace  industry  where  volume  and 
weight  are  important.  This  work  unit  included  research  on  iron  cobalt  alloys  [16]  [17].  The 
powder  metallurgy  processing  of  a  gas  atomized  FeCoNbV  alloy  through  hot  isostatic  pressing 
was  studied.  After  hot  isostatic  pressing,  the  compacts  were  subjected  to  an  ordering  or 
disordering  heat  treatment  in  which  the  samples  were  heated  up  to  730  °C  followed  by  a  slow 
furnace  cooling  (ordered)  or  water  quenching  (disordered).  Ball  milling  of  the  powder  prior  to 
hot  isostatic  pressing  improved  the  yield  strength  by  about  35%.  Figure  16  shows  the  results  for 
the  four  different  processing  conditions. 

Table  3  shows  the  yield  strength  of  two  compositions  as  a  function  of  oxidation  time  and 
temperature.  For  all  samples  the  yield  strength  initially  dropped  with  oxidation  time  and  then  the 
yield  strength  increased  although  the  niobium  containing  samples  did  not  surpass  initial  yield 
strength.  The  strengthening  with  aging  time  seems  to  be  due  precipitation  reactions  in  the 
samples. 


Figure  16.  Yield  Strengths  of  750  °C  Hot  Isostatic  Pressed  Materials  for  Given  Annealing 

and  Ball  Milling  Conditions 
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Table  3.  Yield  Strength  Values  of  FeCoV  and  FeCoVNb  Alloys  Measured  at  Room 
Temperature  and  482  °C  as  a  Function  of  Oxidation  Time 


FeCo-2V 

FeCo2V-0.3Nb 

Yield 

Yield 

Yield 

Yield 

Strength 

Strength 

Strength 

Strength 

Time 

Room  T 

482  C 

Room  T 

482  C 

(hours) 

(MPa) 

(MPa) 

(MPa) 

(MPa) 

0 

417 

410 

545 

484 

100 

403 

363 

489 

450 

1000 

426 

401 

479 

416 

2000 

427 

351 

374 

352 

5000 

524 

460 

390 

379 

4.2  Tape  Core  Research 

Soft  magnetic  research  includes  both  research  into  tape  core  materials  and  research  involving 
inductor  applications.  The  tape  core  research  involves  both  amorphous  or  nanocrystalline 
materials  [18]  [19].  This  work  studied  the  properties  and  nanocrystallization  characteristics  of 
HITPERM  based  Fe68.8Coi7.2Hf7CuiB6  and  Fe69.6C017.4Hf/B6  alloys.  The  alloys  only  differed  in 
containing  copper.  These  alloys  were  prepared  by  arc  melting  and  then  melt  spinning  at  a  wheel 
speed  of  35  m/s.  The  presence  of  copper  had  no  effect  on  the  grain  size  of  the  alloys.  Their 
respective  magnetization  curves  as  a  function  of  increasing  temperature  are  shown  in  Figure  17. 


400  600  800  1000  1200 

Temperature  (K) 

Figure  17.  Thermomagnetic  M(T)  Plots  of  Fees.sCo^HfyCUiBe  and  Fe69.6Co17.4Hf7B6  Alloys 

Measured  under  an  Applied  Field  of  1  kOe 

These  samples  first  go  through  their  amorphous  Curie  temperature  which  drops  the 
magnetization  and  then  after  crystallization  a  second  drop  occurs  due  to  a  phase  change  from  bee 
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to  fee.  The  crystallization  temperature  of  the  copper  containing  alloy  was  higher  at  808  K  then 
the  copper  free  alloy  at  770  K.  Overall,  the  addition  of  copper  has  no  effect  on  final  grain  size, 
but  it  increases  coercivity  and  lowers  saturation  magnetization  and  permeability. 

In  another  study  nanocrystalline  iron  cobalt  based  alloys  with  Hf  or  Ta  or  both  were  investigated 
for  high  frequency  applications.  Magnetization  and  calorimetry  plots  are  shown  in  Figure  18. 
Amorphous  alloys  of  (FesiCoi^MgBv  where  M  =  (Hf,  Ta,  or  HfTa)  were  prepared  by 
meltspinning.  The  alloys  were  then  annealed  for  increasing  times  at  their  respective 
crystallization  temperatures.  Overall,  the  nanocrystalline  alloys  had  coercivities  less  than  0.4  Oe 
and  saturation  inductions  greater  than  1  Tesla.  The  electrical  resistivities  of  the  amorphous 
ribbons  were  all  similar  with  values  of  ~  180  Ohm-cm.  After  annealing  at  the  crystallization 
temperature,  the  M  =  Ta  alloy  had  the  largest  resistivity  of  140  Ohm-cm.  The  Ta  alloy  also  had 
the  best  high  frequency  properties,  with  an  initial  permeability  of  822  at  1  MHz.  Figure  19  shows 
the  complex  permeability  of  the  Ta  alloy  as  a  function  of  frequency. 


Temperature  (°C) 


Figure  18.  Magnetization  as  a  Function  of  Temperature  from  Vibrating  Sample 
Magnetometry  and  Results  from  Differential  Scanning  Calorimetry 
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f  (kHz) 

Figure  19.  Initial  AC  Permeabilities  as  a  Function  of  Frequency  for  the  FeCoTaB  Sample 
Annealed  at  Txl  =  551 ,8C  for  increasing  anneal  times 

4.3  Basic  Science  of  Soft  Magnetic  Materials 

The  basic  science  of  soft  magnetic  materials  included  research  on  phonon  density  of  states  of 
magnetic  alloys,  high-entropy  magnetic  alloys  and  magnetocaloric  alloys.  Most  of  these  studies 
involved  measurements  at  Department  of  Energy  National  Laboratories.  X-ray  scattering 
measurements  were  performed  at  Argonne  National  Laboratory  and  neutron  scattering 
measurements  were  performed  at  Oak  Ridge  National  Laboratory. 

The  high-entropy  alloys  studies  all  involved  alloys  containing  iron  and  usually  nickel,  chromium 
and  cobalt  [20]  [21]  [22].  These  materials  were  studied  as  candidates  for  magnetic  or 
magnetocaloric  use.  High-entropy  alloys  have  nearly  equal  atomic  fractions  of  each  of  their 
component  elements.  These  materials  have  been  studied  for  their  high  mechanical  and  chemical 
properties  such  in  hardness,  wear  resistance,  and  corrosion  resistance.  Long-range  chemical 
ordering,  magnetic  and  vibrational  properties,  and  magnetic  entropy  were  investigated  on  these 
alloys.  Figure  20  shows  a  vibrational  density  of  state  result  for  an  equimolar  FeCoCrNi  alloy. 
This  fee  FeCoCrNi  alloy  was  given  a  heat  treatment  at  480  °C  for  two  weeks  and  then  slow 
cooled  to  room  temperture.  Comparing  the  phonon  density  of  states  from  neutron  scattering 
measurements  to  a  study  on  the  Fe-atom  vibrational  modes  suggests  that  there  is  no  evidence  of 
long-range  chemical  ordering. 
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Figure  20.  Vibrational  Density  of  States  for  FeCoCrNi  from  Inelastic  Scattering  of 

Neutrons  and  X-rays 

Binary  alloys  such  as  Fe-Co,  Ni-Fe  and  Fe-V  were  also  studied  [23]  [24]  [25]  [26].  The  Fe-Co 
system  is  magnetically  important  due  to  its  high  Curie  temperature,  high  magnetization  and  high 
permeability.  These  alloys  may  be  disordered  or  ordered.  Ordered  Fe-Co  alloys  tend  to  be  brittle 
and  are  less  useful  for  engineering  applications.  The  disordered  phase  can  be  obtained  by 
quenching  from  the  high  temperature  disordered  phase.  Figure  21  shows  the  small  but  observable 
change  of  phonon  energy  due  to  order.  The  ordered  alloy  has  on  average  stiffer  bonds  due  to 
more  unlike  bonds  compared  to  the  disordered  alloy. 


Figure  21.  Phonon  Density  of  State  Curves  for  Disordered  and  Ordered  Fe0.5oCo0.5o  Alloys 

The  bee  phase  of  the  iron-vanadium  alloy  system  spans  the  full  composition  range.  Phonon 
density  of  states  as  composition  varies  is  shown  in  Figure  22.  Changes  in  magnetic  properties 
with  composition  make  these  alloys  interesting  to  study  the  effects  of  magnetism  on  phonon 
thermodynamics . 
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Figure  22.  Phonon  Density  of  State  Curves  for  Fe,  V  and  Fe-V  Alloys 

(The  alloys  are  at  300  K,  corrected  for  neutron  weighting  and  with  curves  offset  by  integer  multiples  of 

0.04  me\T*.) 
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5  APPLICATIONS  AND  MODELING 


5.1  Permanent  Magnet  Solenoids 

One  major  application  addressed  in  this  research  effort  was  the  modeling  and  building  of  a  large 
bore  permanent  magnet  solenoid  [27]  [28].  The  center  magnetic  field  needed  to  be  very  uniform 
for  this  application.  Figure  23  shows  the  overall  design  with  a  section  cut  out  for  clarity. 
Modeling  was  performed  using  ANSYS  Maxwell.  One  caveat  in  particular  for  the  modeling  of 
the  field  for  the  solenoid  was  the  role  of  surrounding  air  region  or  padding  space  (Figure  24).  If 
the  air  region  was  too  small  the  field  accuracy  was  increasingly  incorrect  as  shown  in  Figure  25. 
Figure  26  shows  the  unifonnity  of  the  magnetic  field  at  the  center  axial  position  and  at  a  position 
50  mm  from  center.  The  modeled  versus  measured  magnetic  field  agree  to  within  5%.  The 
completed  magnet  assembly  is  shown  in  Figure  27. 


Figure  23.  Design  of  a  Permanent  Magnet  Solenoid 


Z 


Figure  24.  Solenoid  Model 

(Left:  the  solenoid  with  200%  padding  space.  Center:  cross  section  showing  the  magnetic  vector 
directions.  Right:  cut-off  view  of  the  permanent  magnet  solenoid.) 
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Boundary  Condition  (Padding  %) 

Figure  25.  Ratio  of  the  Bz  over  the  Bz  (600%)  vs.  Padding  %  for  the  Three  Solenoids  (0! 

90°,  30°,  and  0°) 
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Figure  27.  Magnet  Assembly  with  an  Inner  Bore  of  27  cm  and  Support  Stand 
5.2  Cores  for  Converters 

Cores  were  investigated  for  use  in  DC-DC  boost  converters.  This  work  was  done  in  collaboration 
with  AFRL/RQQE.  In  the  first  study  three  types  of  coupled  inductors  were  investigated  for 
performance  [29].  The  test  circuit  for  this  work  is  shown  in  Figure  28.  Three  types  of  ferrite 
cores  were  made  (Figure  29).  Efficiency  data  of  the  cores  is  given  in  Table  4.  Pickup  coil 
locations  are  shown  in  Figure  30.  The  square  core  with  the  forty-five  degree  gaps  had  the  best 
performance  as  given  in  Table  5.  The  field  distributions  for  the  square  45°  gap  core  inductor 
were  also  more  uniform  throughout  the  core  than  the  other  two  inductor  types  (Table  5). 
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Figure  29.  Winding  Configuration  of  the  Coupled  Inductors 

(L  to  R:  E-E  core,  square  45  gap  core,  and  square  90  gap  core.) 


Table  4.  Boost  Converter  Efficiency  Data 


Inductor 

Vin 

Iin 

Vout 

Pout 

Pout 

Converter 

type 

(V) 

(A) 

(V) 

(A) 

(W) 

efficiency 

(%) 

E-E  core 

60.0 

27.57 

158.7 

9.69 

1538 

93.0 

Square  90°  gap 

60.0 

27.44 

158.8 

9.64 

1531 

93.0 

Square  45°  gap 

60.0 

27.20 

158.8 

9.79 

1555 

95.2 

Figure  30.  Pickup  Coil  Location  for  the  Coupled  Inductors 
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Table  5.  Calculated  and  Simulated  AC  Flux 


Inductor 

Type 

Y1 

(|iWb) 

Y2 

(pWb) 

Y3 

(pWb) 

G1 

(pWb) 

G2 

(pWb) 

G3 

(pWb) 

E-E  core 

1.76 

2.07 

0.84 

1.45 

1.58 

0.69 

Simulation 

(E-E) 

1.36 

1.85 

0.90 

1.24 

1.32 

0.64 

Square 
(45°  gap) 

1.65 

1.96 

1.67 

1.30 

1.42 

1.28 

Simulation 
(45°  gap) 

1.84 

2.10 

1.83 

1.75 

1.85 

1.75 

Square 
(90°  gap) 

1.58 

1.65 

1.28 

1.20 

1.23 

1.00 

Simulation 
(90°  gap) 

1.80 

2.10 

1.86 

1.69 

1.85 

1.75 

Note:  For  1  amp  through  the  coil  on  which  the  pickup  coils  are  placed. 

In  the  second  study  loss  mechanisms  were  studied  with  a  DC  bias  [30].  Inductors  or  transfonner 
cores  in  electronic  systems  are  often  subjected  to  DC  bias-flux  conditions.  These  DC  bias 
conditions  can  result  in  distorted  hysteresis  loops  and  increased  core  losses.  The  wound  core  for 
this  study  is  shown  in  Figure  3 1 .  The  test  circuit  is  shown  in  Figure  32.  This  study  found  that 
Steinmetz  equation  for  loss  underestimated  losses  under  DC  bias  Figure  33.  The  Steinmetz 
equation  is 


P  =  AfBp'  (1) 

where  P  is  power  los  (W/kg),  A  is  the  fitting  coefficient,  f  is  the  frequency  (kHz)  and  B  is  the 
flux  density  (Tesla)  and  a  and  [i  are  fitted  exponential  factors.  A  pre-magnetization  field 
increases  core  losses  as  shown  in  Figure  34.  These  losses  are  a  design  consideration  especially 
for  cores  operated  at  greater  than  100  kHz. 


Figure  31.  Experimental  Inductor  Built  Using  Two  Sets  of  Metglas  AMCC20  C  Cores 

(The  heavy  gauge  wires  were  used  for  the  primary  winding  and  the  lighter  gauge  for  the  secondary 

winding.  Turns  ratio  was  9:9.) 
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Hdc  (A/m) 

Figure  34.  Power  Loss  Density  vs.  Pre-magnetization  Fields  (HDC  fields)  for  150,  100,  and 

50  kHz  Experimental  Data 
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6  CONCLUSIONS 


Progress  was  made  in  several  areas  of  magnetic  materials  and  applications.  Rare-earth  powder 
and  flake  research  has  been  promising  with  the  production  of  materials  with  outstanding 
coercivities.  Exchange-spring  magnet  research  has  produced  smoothly  coupled  nanocomposite 
magnets,  but  energy  products  do  not  exceed  existing  rare-earth  based  magnets.  Tape  core 
material  development  has  been  promising  but  scale  up  issues  remain. 

Application  successes  include  the  modeling,  fabrication,  testing  and  patenting  of  a  permanent 
magnet  solenoid.  Inductor  DC-bias  and  loss  characterizations  also  proved  noteworthy. 
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7  RECOMMENDATIONS 


The  development  of  new  magnetic  materials  and  applications  is  an  on-going  quest  for  research 
groups  around  the  world.  With  the  importance  of  magnetic  materials,  new  superior  and  cost- 
effective  magnetic  materials  would  have  an  easy  transition  into  commercial  and  defense  sectors. 

The  assumptions  in  the  original  exchange-spring  paper  by  Kneller  and  Hawig  should  be  revisited 
since  research  groups  around  the  world  have  not  yet  produced  greater  energy  products  than 
existing  neodymium  rare-earth  iron  boron  magnets. 

Higher  operating  temperatures  with  high  energy  products  should  be  researched.  Optimization  of 
tape  cores  for  higher  frequencies  should  also  be  pursued.  Collaborative  efforts  throughout  AFRL 
should  be  developed  as  needed.  The  optimization  of  magnetic  devices  for  applications  including 
converter  and  pulse  power  systems  should  be  worked  on.  Electromachine  research  could  be 
developed  beyond  just  the  current  modeling  efforts  to  include  hardware  demonstrations. 
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